Abstract: Presently large amounts of slurry are generated in marble cutting plants with serious consequences on the environment and humans. This paper presents test results showing the feasibility of using waste marble powder (WMP) in cement industry as a substitute limestone. Also, it describes the formulation of new lime-based (CR II) cementitious materials derived from these industrial wastes.
Introduction
Environmental constraints, increasing industrial activity and rising costs of natural mineral resources, have forced the transforming industry to review the logistics of raw materials supply (Saak et al., 1999) . Worldwide, there has been an increased interest in resource recovery, recycling and resource conservation as key parameters for any sustainable development plans (Miletic et al., 2003) .
Waste marble powder (WMP) is generated as a by-product during cutting of marble. The waste is approximately in the range of 20% of the total marble handled. The amount of WMP generated at the study site every year is very substantial being in the range of 250-400 tonnes. The marble cutting plants are dumping the powder in any nearby pit or vacant spaces, near their unit although notified areas have been marked for dumping. This leads to serious environmental and dust pollution and occupation of vast area of land especially after the powder dries up (as shown in Figure 1 ). This also may lead to contamination of the underground water reserves Vijayalakshmi et al., 2001) . 
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Traditionally, WMP products are disposed of as soil conditioners or land fill. However, there might be reusing or recycling alternatives that should be investigated and eventually implemented. Thanks to civil engineering research, numerous uses of WMP have been introduced, including use in tiles manufacturing, concrete mixes, subgrade fill, and modified binder (Huseyin et al., 2010; Nunes et al., 2009; Akbulut and Gurer, 2007; Bache, 1981) . Of our particular interest is the use of WMP in cement industry as a substitute of limestone for the production of clinker.
While marble blocks are cut by gang saws, water is used as a coolant. The blade thickness of the saws is about 5 mm and normally the blocks are cut in 20 mm thick sheets. Therefore, out of every 25 mm thickness of marble block, 5 mm are converted into powder while cutting. This powder flows along with the water as marble powder. Thus, nearly 20% of the total weight of the marble processed results into WMP. The produced WMP has nearly 35%-45% water content. The total waste generation from mining to finished product is about 50% of mineral mined.
In general, the clinker is the main component of cement, and is obtained by firing the appropriate mixture of raw materials at about 1,500°C. Common phases in Portland cement clinkers are: alite (3CaOSiO 2 , C 3 S), belite (2CaO·SiO 2 , C 2 S), tricalcium aluminate (3CaO·Al 2 O 3 , C 3 A), and tetracalcium aluminate ferrite (4CaO·Al 2 O 3 .Fe 2 O 3 , C 4 AF) (Giacomo et al., 2010) . Belite-or sulphobelite-based cements contain the phases belite (C 2 S) and tetracalcium trialuminate sulphate (C 4 A 3 S¯) as their main constituents (Bonavetti et al., 2003) . They do not contain alite or tricalcium aluminate, but may contain variable amounts of calcium aluminate ferrite. They also contain calcium sulphate (CS¯) in amounts higher than normal in Portland cement (Ho et al., 2002; Noguchi et al., 1999) . One typical composition consists of: C 2 S 40%; C 4 A 3 S¯ 32%; C 4 AF 20%; and CS¯ 8%. Sulphobelite cements may perform either as non-expansive high early strength cements, or as expansive cements, depending on the proportion of the individual phases in the clinker and the amount of interground calcium sulphate (Bonavetti et al., 2003) . Two main advantages are generally attributed to these types of cements, namely: 1 energy savings upon firing (maximum clinkering temperature is 1,350°C 2 lower volume of CO 2 emissions.
Free calcium oxide in small amounts (usually below 1% of weight) is a regular constituent of Portland clinker, but larger amounts may be present if the maximum temperature in the production of the clinker is too low, the burning time is too short, or the CaO content in the raw material exceeds the acceptable range (lime saturation factor > 100%). Large amounts may cause expansion, strength loss and cracking of the hardened paste, due to a delayed hydration of free calcium oxide to calcium hydroxide, which takes place topochemically and is associated with an increase in volume (Giacomo et al., 2010) . Thus, excessive amounts of free calcium oxide in clinker must be avoided. However, old cements have lime and/or pozzolans as main hardening phases and their durability is easily proved in several historical monuments and common buildings. It is then obvious that the porous structure of those mechanically weak structures accommodates larger dimensional changes without serious damage (Giacomo et al., 2010) .
Environmental problems attributed to WMP
The WMP imposes serious threats to ecosystem, physical, chemical and biological components of environment. Problems encountered are:
• It adversely affects the productivity of land due to decreased porosity, water absorption, water percolation etc.
• When dried, it becomes air borne and causes severe air pollution. Also, it introduces occupational health problems, and affects machinery and instruments installed in industrial areas (Hwang et al., 2008) .
• Affecting quality of water during rainy season, and reducing storage capacities and damaging aquatic life.
• It adversely affects social and industrial activities of people since the heaps of powder remain scattered all round the country are an eye sore and spoil aesthetics of entire region (Munoz-Montano, 2003) .
It is therefore a social and legal responsibility of government and industry to solve the problem of WMP pollution (Corinaldesi and Moriconi, 2003) . As such, development of country is only possible by sustainable balanced industrialisation. Recently, the rapid social, economical, and environmental changes in Jordan stressed human society with unprecedented challenges. Thus, new approaches that consider industrial wastes as alternative raw materials become interesting, both technically and economically, for a wide range of applications.
Objectives
Because of the environmental threats associated with the WMP, their proper disposal has attracted a lot of attention of the environmentalists in the last years. In order to properly dispose of these hundreds to thousands of tonnes of powder, the use of innovative techniques to recycle them is important. Without the proper disposal of this powder material, the resulting stockpiles would cause major health risks for the public and the environment (Acchar et al., 2006) . This paper proposes a gainful utilisation of WMP as a part substitute of limestone in a cement plant. Bearing in mind the recent rapid economical growth and developments in the construction sector in Jordan. In particular, cement fabrication involves a huge consumption of natural raw materials (e.g., limestone and clay).
This research describes attempts to define the compositions of waste-based mixtures and the corresponding processing conditions suitable to the production of powder-based cements. Also, this study assesses the properties of the final product after incorporating WMP. Ultimately, as an outcome of this project, the incorporation of WMP in cement industry could lead to a viable, environmentally friendly material with attractive properties.
Approach (methodology)
For the purpose of this research, several WMP specimens were prepared. The raw material was provided by a local company, and then this material was milled and sieved through 75 μm sieve. After that, rigorous analyses were carried out at the Civil Engineering Laboratories and the Centre for Environmental Studies at the Hashemite University.
The characterisation included chemical composition, determined by X-ray fluorescence (XRF, Philips X'UNIQUE II), thermal behaviour (DTA and TGA, Setaram) and particle size distribution (Coulter) in alcohol. Also, physical parameters of milled powders (about 2 h in a rings mill + porcelain jar) such as the specific surface area (SSA, by BET) and the percent of weight retained in a fixed sieve (75 μm) were determined (Ahn and Fowler, 2001; Singh and Vijayalakshmi, 2004) .
For comparison, and to clarify the effect of minor components present in the WMP materials on the final product properties, similar compositions were also prepared with commercial high purity grade raw materials, M1 calcite is used as standard samples.
In order to prepare the corresponding cement (CM), carbonate (11%) and calcium sulphate (6% hemi-hydrate) are added to the clinker before milling. Since the available amount of material is small, setting characteristics of the optimised formulations (water/cement ratio = 0.45) is inferred from temperature measurements of the fresh pastes. Samples have been placed in a special thermal insulating box in order to assure almost adiabatic conditions. Temperatures are continuously measured through the insertion of a thermocouple in the paste (Giacomo et al., 2010) .
X-ray photoelectron spectroscopy (XPS) was used to characterise the outermost atomic layers on the surface of cement formulations aged for one and two months. Each sample was ground in an agate pestle and mortar to expose fresh surfaces for analysis. The powder obtained was compressed into holes 10 mm in diameter and 0.5 mm deep machined into a copper sample holder.
The prepared samples were immediately transferred into the XPS sample introduction chamber to minimise the effects of surface contamination and reaction. An area of approximately 4 mm × 4 mm on the compressed powder surface was analysed using a Thermo VG Scientific Escascope spectrometer with an AlKα (1,486 eV) X-ray source, operated at 280 W (14 kV, 20 mA). Wide scan survey spectra were obtained between 0 and 900 eV binding energy (BE) with a step size of 1.0 eV.
The evolution of compressive strength with curing time is also monitored on small test bars (~22 × 14 × 10 mm) cast from the cement pastes into iron moulds. Phases formed upon curing are determined by X-ray diffraction (XRD) (Rigaku Geigerflex D/max -Series, CuKα at 40 kV and 50 mA) and by DTA. Finally, characterisation techniques were used to assess micro-structural and compositional challenges of the aged cements (Almeida et al., 2007) . These included Raman spectroscopy, (XPS), and focused ion beam imaging (FIB).
Results and discussion

Characterisation of clinkers
The resulting loose powders were calcined at selected temperatures (10°C/min heating rate, 1 h soaking) and named as CR II. The standard clinkers (hereby distinguished by a CR II-P) were prepared in a similar manner, but using the Calcitec M1 calcite commercial reagents.
Chemical and physical parameters of milled WMP and particle size distribution are shown in Table 1, Table 2, and Table 3 , respectively. Figure 2 compares the very complex powder XRD patterns of CR II and CR II-P clinkers. Terms such as W° (W + G) mean that peak is common to both phases. CR II-P contains the expected hydraulic phases (C 2 S, C 3 S and C 3 A), while CR II contains, in addition to C 2 S and Gehlenite, C12A7 and calcium aluminium oxide sulphate. This difference is certainly due to a sluggish tendency to equilibrium in the solid state and the presence of other minor constituents in the powder materials. This lime-based CR II clinker predictably contains a higher amount of sulphur but less than 0.2% weight of Na 2 O + K 2 O. The relatively low amount of alkalis might contribute to the low stability of the high temperature C 2 S polymorphs (alpha), while the high amount of sulphur (N 2 wt.% as SO 3 ) led to the formation of calcium aluminate oxide sulphate. Those phases are well-known by their expansive characteristics and might be responsible for the observed dusting tendency of CR II samples. Nuclear magnetic resonance (NMR) technique has also been used to clarify the structure of cementitious phases, mostly after hydration. Common phases in Portland-type cement clinkers (C 2 S, C 3 S, C 3 A, and C 4 AF) were prepared with pure chemical reagents and characterised, to be used as references, aiming at an easier characterisation of the actual complex clinkers. Figure 3 compares the 29 Si MAS NMR spectra of the CR II and CR II-P clinkers. Two major peaks between −65 and −75 ppm can be observed. Such chemical shifts correspond to Q 0 or Q 1 mono-silicates, totally depolymerised tetrahedral. The βC 2 S polymorph (peak at −71.3 ppm) and the C 3 S phase (peak at −73.5 ppm) are present in both CR II and CR II-P, but the later seems to be a better crystallised material (sharper resonances) and contains a higher amount of C 2 S (higher peak area). In the WMP-based clinker, the peaks at −67.4 and −69.5 ppm are attributed to Q 0 and Q 1 sites in crystalline silicates, also presumed in the broad shoulder between −67 and −69 ppm in the C1 spectrum. In CR II, the clear presence of γC 2 S (peak at −73.7 ppm) may also contribute to dusting behaviour of this powder when exposed to ambient conditions. The delay in the setting process displayed by the CR II clinker may also be explained by its lower C 2 S content. The 27 Al MAS NMR spectrum of the CR II clinker (Figure 4) shows a peak at 67.7 ppm which, using the XRD information, can be attributed to C 12 A 7 . Besides C 12 A 7 , the spectrum of the CR II-P sample exhibits extra peaks, attributed to C 3 A (peak at 54.0 ppm) and probable hydrates (peak at 17 ppm). Due to low iron oxide content in the raw materials, it is not surprising that the presence of C 4 AF was not detected in CR II (Akbulut and Gurer, 2007) . Al MAS NMR spectra of the CR II and CR II-P clinkers To summarise, Table 4 gives main identified phases in the clinkers by the two techniques. Table 4 Summary of main detected phases on clinkers by using distinct techniques
Clinker XRD NMR
CR II C 2 S; C 12 A 7 ; C 2 AS; calcium aluminium oxide sulphate β-C 2 S; γ-C 2 S; C 3 S; C 12 A 7 ; C 2 AS CR II-P C 2 S; C 3 S; C 4 A β-C 2 S; C 3 S; C 3 A; C-S-H; C-A-H Table 5 shows some characteristics of CM II and CM II-P cements. Figure 5 shows the evolution of their compressive strength with curing time. These values are much lower than those reported for Portland cement (about 10% after seven days of curing), meaning that the hardening process is much slower. However, long-term resistance is more comparable. For example, samples cured for three months show compressive strength of about 32 MPa. Comprehensive characterisation of the 28 day aged samples was conducted by different techniques. Using DTA, decomposition reactions (between 110°C and 350°C) of C-A-H and C-S-H hydrates seem to be stronger in CM II-P, revealing their presence in higher amounts. The absence or small expression of such kind of peaks in CM II cement is compatible with its weak hydraulic character. Test results showed that this WMP based cement is capable of improving hardened concrete performance up to 16%. Hwang et al. (2008) found that this percentage was 9% when modified mortar using recycled artificial marble waste fine aggregate was developed. However, Huseyin et al. (2010) incorporated marble dust in cement industry and found the increase in concrete performance ration is about 14%. Thus, the findings of this study are consistent with the results of other researches.
Behaviour of cements
Conclusions
In conclusion, the WMP-based clinkers were found to contain the expected cementitious phases, and a good agreement was obtained between the characterisations techniques used. In particular, the dusting phenomena observed in CR II clinkers was explained by the formation of calcium aluminium oxide sulphate and also by the presence of γC 2 S.
On its standard counter-sample (CR II-P) the βC 2 S is stabilised instead. Since the total amount of alkalis in CR II-P is even lower, the non-occurrence of expansive (dusting) reactions in this material means that the lack of those mineralising agents is not the controlling factor of the unwanted phenomenon. So that sulphur content should be the determining factor, inducing the formation of detected expansive sulphur-containing phases.
The WMP-based cement obtained from wastes shows a stronger hardening character than the standard material, which tends to show dusting phenomena due to the presence of a reasonable amount of free lime (as the result of its expansive reaction with ambient moisture). Some fluxing impurities (e.g., alkalis) present in the waste materials improve the overall reactivity of the mixture.
This newly developed binder is parallel to other conventional binder in the field of building construction like lime, cement and other admixture but is different from them as it utilises WMP with other ingredients. Test results show that this WMP-based cement is capable of improving hardened concrete performance up to 16%, enhancing fresh concrete behaviour and can be used in architectural concrete mixtures containing white cement. The new binder is environment friendly, cheaper in cost than the other conventional material, also it involves small equipment with no complicated technologies and requires very low energy for manufacturing.
